Metatranscriptomic sequencing has recently been applied to study how pathogens and probiotics 21 affect human gastrointestinal (GI) tract microbiota, which provides new insights into their 22 mechanisms of action. In this study, metatranscriptomic sequencing was applied to deduce the in 23 vivo expression patterns of an ingested Lactobacillus casei strain, which was compared with its in 24 vitro growth transcriptomes. Extraction of the strain-specific reads revealed that transcripts from 25 the ingested L. casei were increased, while those from the resident L. paracasei strains remained 26 unchanged. Mapping of all metatranscriptomic reads and transcriptomic reads to L. casei genome 27
INTRODUCTION 57
Microbial communities form an intimate and beneficial association with human gastrointestinal 58 (GI) tract (1-3). Human gut microbiota is of great significance in defending human diseases (4-7). 59
Except for occasional invasion by pathogens, the unique gut microbial ecosystem is continuously 60 exposed to transient microbes originated from diet; while diet can rapidly alter the gut microbial 61 ecosystem (3, (8) (9) (10) . Metagenomic and metatranscriptomic approaches have been recently 62 emerged as a powerful way to study the impact of pathogens and diet on modulating the 63 composition of human gut microbiota (11-13). However, it remains unclear how the 64 transcriptomes of pathogens and transiet microbes change after entering into the human GI tract.
increased significantly during the course of probiotic ingestion, the resident L. casei/paracasei 158 strains decreased (Figure 2c ). We therefore concluded that the metatranscriptomic reads mapped 159 to L. casei Zhang were dominantly expressed from the ingested L. casei at day-14 and day-28. 160
161
We then selected several genes for absolute quantitative PCR analysis, including -galactosidase 162 for galactose metabolism and RNA polymerase  subunit (rpoB). Primer for these genes were 163 designed to detect both the ingested and resident L. casei/paracasei. Figure 2d shows that all of 164 these genes were higher for the resident L. casei/paracasei (day-0) and lower after the ingested. 165
Their levels in tablets were low and similar as those from human gut after being ingested. 166
Therefore, the transcription pattern of the ingested L. casei inherits some of its in vitro growth 167
patterns. 168 169
Taken together, our mapping results reflected a combined transcription from both the ingested and 170 resident L. casei/paracasei strains. We decided to use all reads mapped onto the genome of L casei 171
Zhang for the following analysis given the following two reasons. First, the specific reads 172 represented only a very small fraction of the transcriptome and genes. Therefore, gene expression 173 level is hardly to be calculated from the stain-specific reads. Second, transcription from the resident 174 L. casei/paracasei strains was repressed after probiotic L casei ingestion. Therefore, the observed 175 increase was primarily from L casei Zhang. 176 177
Gene expression patterns of L. casei/paracasei in vivo are distinct from those in vitro 178
To explore the in vivo transcription profiles of different states of the ingested L. casei/paracasei, 179
we first compared the expression of L. casei Zhang among all the in vivo and in vitro samples.
Principal Component Analysis (PCA) of the expression profiles revealed that all in vitro 181
transcriptomes were well separated from the in vivo transcriptomes by the first component, which 182 indicated a substantial difference between the in vivo and in vitro transcriptions of L. 183 casei/paracasei (Figure 3 ). For the in vivo samples, day-28 and day-0 samples were well separated 184 by their transcription profiles (first and second components). However, the patterns of L. 185 casei/paracasei transcription in the day-14 samples were highly divergent, probably indicating a 186 highly dynamic stage for L. casei/paracasei transcriptomes responding to the newly ingested L. 187 casei Zhang. 188
189
Plot of the expression correlation between any two samples showed two major convergent clusters 190 and three minor divergent cluster ( Figure S1 ). The largest major cluster was composed of all in 191 vitro grown samples, and the second major cluster was composed of most day-28 fecal samples. 192
One minor cluster was composed of 4 day-0 fecal samples. The other day-0 and all day-14 samples 193 were highly convergent, constituting the other two minor clusters and suggesting a highly 194 divergent fates of the ingested L. casei Zhang in different individuals, at day-14 of ingestion. These 195 results were consistent with those of the PCA plot ( Figure S1 ). 196
197
The transcription modules and dynamics of gut L. casei/paracasi genes differentially 198
expressed upon probiotic ingestion 199
To explore the transcription dynamics of L. casei/paracasei stain in human gut in response to the 200 L. casei ingestion, we applied edgeR to compute the differentially expressed genes (DEGs) among 201 three groups of metatranscriptomes at day-0, day-14 and day-28. A total of 1091 such DEGs were 202 obtained using a cut off of fold change >=2 and p-value =<0.01. To reveal the transcription patterns 203 of L. casei/paracasi DEGs in human gut, WGCNA (weighted gene co-expression network analysis) 204 was used to analyze their expression correlation network. Two major (turquoise and blue) and 205 three minor (green, yellow and brown) expression modules were resulted ( Figure 4A) . 206
207
To visualize the transcriptional dynamics of these DEG modules, we plotted their dynamic 208 expression patterns using RPKM (reads per kilobase per million total reads) of each gene as input. 209
Heatmap plot showed that the expression pattern of all these DEGs was similar in all six 210 individuals prior to the ingestion of L. casei Zhang (day-0) ( Figure 4B ). The pattern at day-28 after 211 the ingestion was also similar to each other but dramatically different from that of day-0. However, 212 the transcription patterns were quite divergent at day-14 after the ingestion, among which four 213 were more similar to the pattern of day-0 and two to that of day-28 (Figure 4 ). The heatmap 214 dynamics well captured the PCA analysis results are shown in Figure 3 . Meanwhile, this heatmap 215 dynamics showed that the brown, yellow and green modules largely represented the individual-216 specific expression clusters. 217
218

The transcription modules of the vivo DEGs and their associated functional clusters 219
We further explored the transcription patterns of their major co-expression modules using 220 eigengene values. The module eigengene E value can be considered as a representative of the gene 221 expression profiles in a module. Eigengene pattern of turquoise module (450 genes) showed that 222 genes in this module were better expressed among all six day-0 samples and four day-14 samples, 223 when compared to the very low level in day-28 samples ( Figure 5A ). The expression value in day-224 0 of individual B was higher than other day-0 individuals. The expression in three of four day-14 225 samples were generally higher than their corresponding day-0 samples of the same individuals 226 Figure 5B ), indicating that these 242 genes were either induced by or specifically expressed from the ingested L. casei Zhang. 243 Functional clustering analysis showed that these genes were enriched in sugar metabolism and 244 transport functions including phosphoenolpyruvate-dependent sugar phosphotransferase system 245 (GO, 34 genes, p-value =<1.78e-9), carbohydrate transmembrane transport (GO, 31 genes, and Galactose metabolism (KEGG, 22 genes, These genes were strongly enriched in ABC transporters and metabolism pathways of multiple 269 amino acids (Figure 6c ), suggesting the possible presence of a transition stage, during which the 270 ingested L. casei Zhang has to alter its uptake function to adapt the human gut environment. Genes 271 in M2 modules were highly overlapped with the genes in turquoise module shown in Figure 5a . 272 Dynamic transcription of probiotic mRNAs and sRNAs in human gut 13
273
At day-28, the late stage of ingestion, expression of a cluster of genes (226) was specifically 274 increased (M3 module). These genes were involved in the biosynthesis and/or metabolism of the 275 well-known probiotic molecular including galactose (20), carbohydrate utilization (33) and 276 metabolism of propanoate the key member of SCFA (34) (Figure 6d ). We found L. casei genes for 277 ascorbate and aldarate metabolism were globally upregulated, suggesting a novel class of probiotic 278 molecule. Genes in M4 module (215) were prevalent for L. casei (Figure 7b ). Lag-phase, log-phase, death-phase, and tablet-phase sRNA 291 clusters were highly specific ( Figure 7b ). Interestingly, stationary phase did not contain its-specific 292 sRNA, and it rather expressed sRNA specific for the log and death phases at relatively high levels 293
When L. casei/paracasei was expressed in human gut, expression of sRNAs was clearly separated 296 into two clusters. The M1 sRNAs decreased their expression after the ingestion while the M2 297 sRNAs increased their expression, in comparison with the sRNA expression in the tablets (Figure  298 7c). The in vivo M1 sRNAs contained sRNAs specifically expressed at each of the four in vitro 299 grown stages at an unbiased frequency, while M2 sRNAs were mainly those of the in vitro log 300 phase sRNAs (Figure 7c ). This observation suggested that the in vivo growing state of L. 301 casei/paracasei might resemble the in vitro log phase. 302
303
Rli28 is a small RNA that is detected in Listeria monocytogenes grown in stationary phase and in 304 the intestinal lumen of its infected mice and proposed to be involved in the bacterial virulence (37). 305
We identified five copies of rli28 expressed from the genome of L. casei Zhang, ranging from 210 306 bp to 492 bp and located in two separated loci (Table S2) . We plotted the levels of rli28 genes in 307 the in vitro-grown L. casei Zhang and the L. casei/paracasei grown in human gut varied greatly 308 ( Fig. 7e; Figure S3 ). The in vitro expression patterns of these rli28 genes of L. casei Zhang differed 309 significantly, with one being peaked at the log phase (rli28e), two at the stationary phase (rli28c 310 and rli28d), and two at both the stationary and death phases (rli28a and rli28b). Expression of four 311 rli28 genes in human gut was constantly increased with the ingested time, while rli28a gene was 312 decreased in its expression at day-28. 313 314 Rli28c peaked at the stationary phase was chosen for further functional analysis (Fig. 7f) . After 315 rli28c being knocked out using Cre/LoxP cassette, the in vitro growth of the mutant LcZ was 316 enhanced compared to the wild-type (Fig. 7f) . Meanwhile, the growth medium pH of the mutant 317
LcZ was lower than the wild-type, consistent with an enhanced release of the lactic acid. Taken were all overlapped. Almost all sRNAs display a stage-specific growth pattern, which agrees well 427 with the regulatory roles of sRNAs (55, 56) . 428
429
After the intake, we found that sRNAs highly expressed in the death and stationary phases were 
Subjects and study design 450
Subjects were asked to orally intake 4 probiotic tablets consisting of a total of 10.6 Log10 CFU L. 451 casei Zhang daily from Day 0 to 28. Fecal samples were collected from the subjects on Days 0, 14 452 and 28 in sterile containers and were kept refrigerated. Samples were transported on ice to the 453 laboratory within 2 hours, and were kept at -80°C until further analysis.
455
Stool collection, storage, fecal RNA extraction and sequencing. 456
Stool samples were respectively collected before and after a 4-week consumption period. Gut 457 microbiota were sampled by non-invasively fecal collection. Stool samples were taken in duplicate 458 by coring out feces with inverted sterile 1 mL pipette tips. These tips were then deposited in 15 459 mL Falcon tubes. Samples collected at home were stored temporarily at −20°C until transported 460 to the laboratory and then stored in −80°C freezers. Subject samples collected abroad were stored 461 at −20°C, shipped to the company on dry ice, and then stored at −80°C. Total RNAs were treated 462 with RQ1 DNase (promega) to remove DNA. The quality and quantity of the purified RNA were 463 determined by measuring the absorbance at 260 nm/280 nm (A260/A280) using smartspec plus 464 (BioRad). RNA integrity was further verified by 1.5% Agrose gel electrophoresis. For each sample, 465 5 μg of total RNA was used for RNA-seq library preparation. Ribosomal RNAs were depleted 466 with Ribo-Zero™ rRNA depletion kit (Epicentre, MRZB12424) before used for directional RNA-467 seq library preparation (gnomegen K02421-T). Purified mRNAs were iron fragmented at 95℃ 468 followed by end repair and 5' adaptor ligation. Then reverse transcription was performed with RT 469 primer harboring 3' adaptor sequence and randomized hexamer. The cDNAs were purified and 470 PCR amplified. PCR products corresponding to 200-500 bps were purified, quantified and stored 471 at -80 ℃ until used for sequencing. 472
473
In vitro sample RNA extraction, library construction and sequencing 474
For the in-vitro bacterial samples, we collected the samples by two different styles. As for the first 475 style, we cultured the L. casei Zhang on the medium and collected two replicate samples from each 476 of the four growth stages, lag, log, stationary, and death stage, respectively. For the second, wecollected the samples from the probiotic tablets same as the above, and three replicates were 478 prepared. After sample collection, total RNAs were extracted from samples mentioned above by 479 using Trizol Reagent (Invitrogen). Then we used Ribo-Zero rRNA removal kit to remove the 480 rRNAs. After that, extracted RNA was amplified using custom barcoded primers and sequenced 481 with paired-end 100 bp reads by Illumina HiSeq2500 platform. 482
483
Quality filtering and sequence statistics 484
After sequencing, raw reads would be first discarded if containing more than 2-N bases, then reads 485 were processed by clipping adaptor, removing low quality reads and bases from the end of each 486 reads and discarding too short reads (less than 16nt) by FASTX-Toolkit (Version 0.0.13). The 487 metagenomic, metatranscriptomic and the in vitro samples were filtered with the same method and 488
parameters. 489 490
Data validation by qPCR 491
Genomic DNA and total RNA were extracted from fecal samples of each volunteer. To validate 492 genes copy number from metagenomic sequencing, quantitative Polymerase Chain Reaction 493 (qPCR) was applied to detect the relative copy numbers using ABI Prism 7300 Real-Time PCR 494 System with standard procedures. A known fragment, containing 3'-UTR of RORA gene (human) 495 was inserted into psiCHECK 2 plasmid. The plasmid was added into each sample by quantitation, 496 and detected as an external control by specific primers. The relative level of DNA level was 497 analyzed after being normalized by the external control. 498
For metatranscriptomic mRNA detection, total RNAs was extracted from the same fecal samples 499 of each volunteer for sequencing. To ensure there was no genome DNA contamination, RNA wastreated with DNAse 1 (Takara) for 2h, and then applied to PCR validation. The mRNA fragments 501 of β-actin (human) obtained by in vitro Transcription (Transcript Aid T7 High Yield Transcription 502 Kit, Thermo Scientific) was added into each RNA samples and applied to the reverse-transcribed 503 by random hexamer primers using M-MLV reverse transcriptase (Promega). RT-qPCR was 504 performed using ABI Prism 7300 Real-Time PCR System with standard procedure, and the 505 relative expression level of genes were normalized by β-actin. The PCR primers were provided in 506 Table S3 . 507
508
HMP database retrieval 509
We chose HMP database (http://hmpdacc.org/) as reference to do the structural and functional 510
analysis. First, we downloaded the complete genome sequences and annotation of human gut 511 microbiome, which contains 358 publicly available human microbiome genomes generated from 512 the National Institutes of Health (NIH) Human Microbiome Project and the European MetaHIT 513 consortium. Besides, we added the L. casei Zhang genome (http://www.ncbi.nlm.nih.gov/) to the 514 database to evaluate the influence of L. casei Zhang to the microbiome. We then aligned our 515 metagenomic and metatranscriptomic data to the genomes with bowtie2(57), allowing no more 516 than one mismatch. To deal with cases of multiple mapping, we selected no more than 10 best 517 matches of the alignment based on the mapping quality, and then we divided the reads by its hits 518 number, and each hit occupied one part of the reads. After that, we calculated the reads number 519 and RPKM value for each contig and gene in the database. We then obtained the abundance of 520 different taxonomic levels from species to kingdom by adding relative contigs abundance together. 521
To consistently estimate the functional composition of the samples, we annotated the genes from 522 the HMP database using COG orthologous groups and KEGG pathways by blastx program with 523 e-value 1e-5. We ensured that comparative analysis using these procedures was not biased by data-524 set origin, sample preparation, sequencing technology and quality filtering. 525
For metatranscriptomic gene abundance, to study gene expression alteration changed by the L. 526 casei Zhang, we compared the expression change between day 14 and day 0, day 28 and day 0 and 527 day 28 and day 14. First, we got differentially expressed species and extracted all genes abundance 528 from these species, and then obtained the differentially expressed genes. We then used 529
WGCNA (58) To have an exact prediction of L. casei Zhang sRNAs, we developed an algorithm to detect peaks 547 from alignment results among intragenic, intergenic (between two adjacent genes) and antisense 548 regions. We used the RNA-seq data from four stage bacterial strain cultured on the medium. We 549 merged the mapping result file from the same stage, and ran the computer program separately for 550 the four stages. After prediction, we merged the sRNAs predicted from the four stages by genomic 551 locations and got a final sRNA prediction result. The detail description of algorithm is described 552 below. Based on the alignment result, 5 bp window size was chosen as the default window size. 553
Peak starting site was identified as the end of one window, the median depth of which is no more 554 than 0.25 fold of all of the adjacent downstream eight windows. Peak terminal site was identified 555 as the start of one window whose median depth is no more than 0.25 fold of all of the adjacent 556 upstream eight windows. After the algorithm realization, we then filtered the peaks according to 557 the following three thresholds: 1) the length of peaks should range from 40bp to 500bp; 2) the 558 maximum height of one peak should be no less than 60 read depth; 3) the medium height of one 559 peak should be no less than 20 depth. After peak definition, we classified the peaks into three 560 different classes according to their locations: 1) intragenic peaks whose locus were overlapped 561 with known mRNA genes and on the same strand; 2) antisense peaks were defined as peaks whose 562 locus were overlapped with known mRNA genes but on the opposite strand; 3) intergenic peaks 563 whose locus were neither overlapped with known mRNAs on the same strand nor on the opposite 564 strand. Antisense and intergenic peaks were defined as sRNAs. We aligned the sRNA sequence to 565 the Rfam database (version 12.0) (60) to identify homologies from related bacteria by Blast method 566 (E-value  1e-5). 567
After sRNA prediction, we got the normalized expression level of each sRNA for each samples. 568
We then used WGCNA (58) TTCAAAGGCGGTGGCAGAAATTTAATAAACGATTTT, which locates on the plasmid from 582 28019 to 28110. The knockout experiment was performed according to one published protocol for 583 gene deletions in Lactobacillus(61), and the knockout efficiency of Rli28 was validated by RT-584 PCR. After knockout, we tested the cell density and pH levels of the knockout bacteria with three 585 independent replicates. 586 587
MetaPhlAn2 analysis 588
For both metagenomic and metatranscriptomic reads, we have applied the MetaPhlAn2 and 589
GraPhlAn software(62) to obtain the relative abundance of each species. Top abundant species ofall samples were used to make a dendrogram heatmap via hierarchical clustering. we aligned the filtered reads to the reference genomes as well as databases, and calculated the 843
